The immunoglobulin (IG) loci consist of repeated and highly homologous sets of genes of different types, variable (V), diversity (D) and junction (J), that rearrange in developing B cells to produce an individual's highly variable repertoire of expressed antibodies, designed to bind to a vast array of pathogens. This repeated structure makes these loci susceptible to a high frequency of insertion and deletion events through evolutionary time, and also makes them difficult to characterize at the genomic level or assay with high-throughput techniques. Given the central role of antibodies in the adaptive immune system, it is not surprising that early candidate gene approaches showed that germline polymorphisms in these regions correlated with susceptibility to both infectious and autoimmune diseases. However, more recent studies, particularly those using high-throughput genome-wide arrays, have failed to implicate these loci in disease. In this review of the IG heavy chain variable gene cluster (IGHV), we examine how poorly we understand the distribution of haplotype variation in this genomic region, and we argue that this lack of information may mask candidate loci in the IGHV gene cluster as causative factors for infectious and autoimmune diseases.
INTRODUCTION
Immunoglobulins (IG) or antibodies are antigen receptors expressed by B cells and secreted by plasma cells and represent one of the major components of the adaptive immune response. 1 An IG comprises two identical heavy chains associated with two identical light chains. Each chain has a variable domain at its N-terminal end and a constant region at its C-terminal end. Genes that encode the IG are located at three primary loci in the human genome, IGH (14q32.33), IGK (2p11.2), and IGL (22q11.2). 2 Each of these loci consists of variable (V), diversity (D; only for IGH), joining (J) and constant (C) genes. Like the related T-cell antigen receptors expressed by T lymphocytes, 3 the first step in the biosynthesis of the variable domain occurs when one V, one D (for IGH) and one J gene are somatically rearranged at the DNA genomic level. 4 This is followed by the transcription of a pre-messenger RNA containing the rearranged V-D-J and one IGHC (for the heavy chains), or the rearranged V-J and IGKC or IGLC (for the light chains kappa and lambda, respectively), then the splicing and translation to synthesize a heavy or a light chain, respectively. 2, 4 The combinatorial pairing of the heavy and light chains, together with the combinatorial and junctional diversity of each chain, creates an impressively variable expressed antibody repertoire poised to recognize a suite of pathogen-associated antigens. 2 The important role of antibodies in the immune system is evidenced by the extensive variability in IG genes at the genomic level, the result of gene duplication and point mutation. Indeed, IG loci are among the most dynamic regions of the human genome, known to exhibit high allelic and copy number variation (CNV). Importantly, germline variation contributes to differences in antibody function, 5 and is also reflected in interindividual variation of expressed naive antibody repertoires, 6, 7 which are now known to be heritable. 7 Despite the primary role of antibodies in the adaptive immune system, few connections between specific IG polymorphisms and disease have been unequivocally established. Most known associations were discovered using candidate gene approaches, and have not been confirmed by subsequent candidate gene studies or in more recent genome-wide association studies (GWAS). However, the underlying reasons for these discrepancies are unclear. In this review, we focus our attention on the IG heavy chain variable gene cluster (IGHV) (the most extensively studied of the IG loci), and discuss the extent of known genetic variation at this locus, including the lack of genomic/genetic data, particularly with respect to complex structural variants. We also review previously reported IGHV genetic associations with disease, and discuss how the lack of data on CNV and large structurally variant haplotypes limits our ability to rigorously test such associations. Through the use of newly released variant calls from the 1000 genomes (1KG) project, 8 we explore the efficacy of single-nucleotide polymorphism (SNP) arrays used in GWAS to genotype known genetic polymorphisms in the IGHV gene region; we argue that shortcomings of these arrays may in part explain the lack of positive IGHV disease associations reported in recent years. Finally, we discuss future prospects for describing uncharacterized haplotypes and population variation in the IGHV gene cluster, the description of which will be vital for completing genomic tools and resources in this locus and improving our understanding of the roles of these genes in B-cell biology and human disease.
was the first time that the IGH V, D and J genes could be counted in a human sequence (44 functional/open reading frame (ORF) V genes, 85 V pseudogenes, 27 D genes (23 functional) and 9 J genes (6 functional)). This assembly represents the only full sequence of the locus and allowed IMGT (the international ImMunoGeneTics information system) 10 to establish the first official nomenclature of the IGH genes approved by the HUGO Nomenclature Committee (HGNC) in 1999. IMGT gene names were proposed to NCBI in 2000 for the annotation of the assembly genome. 2, [11] [12] [13] [14] Since then NCBI has directly linked relevant annotated genes to the IMGT/GENE-DB entries. 15 The full IMGT IGH locus representation and a depiction of the IGHV, IGHD, IGHJ and IGHC gene clusters, based on positions in the NCBI assembly sequence, can be found at IMGT. 10 Sequencing of specific germline IGHV, IGHD and IGHJ genes and expressed IGHV gene repertoires has also been underway since the 1980s, resulting in comprehensive databases of sequence variants. 10, 16 From these, at least 55 functional/ORF IGHV genes are known (11 of these are not found in the reference genome), forming seven phylogenetically related subgroups (IGHV1 to IGHV7). The definitions of functional, ORF and pseudo IGHV genes follow strict criteria established by IMGT. 2, 15 Both functional and ORF genes must have full ORFs. In addition, functional genes must not have any described mutations in characterized splice sites, recombination signals (RS; elements essential for proper V-(D)-J rearrangement of IG and T-cell receptor genes 2,3 ), or regulatory elements; genes are classified as ORFs if they have mutations in one or more of the aforementioned elements, or amino-acid changes that disrupt antibody protein folding. For this review, we only considered genes located in the IGHV cluster at 14q32.33 (IGHV 'orphons' located at positions 15q11.2 and 16p11.2 were excluded). The sizes of each of the seven subgroups are variable, ranging from one functional/ORF gene in subgroup IGHV6 to 24 genes in subgroup IGHV3. 10 IGHV gene allelic richness also varies considerably among genes, although it should be noted that our understanding of sequence variation for IGHV gene alleles is likely not complete. One of the reasons for this incomplete status is that most surveys of IGHV sequence diversity have been based on a restricted set of ethnic backgrounds; and thus, the current databases may represent only a portion of the allelic diversity present within the human species. Several more recent descriptions illustrate this point. One of these, conducted in a previously uninvestigated Papua New Guinean population, identified 16 novel alleles at IGHV genes. 17 A second study screening four IGHV genes in a sample of 20 Mexican individuals also identified two novel alleles. 18 However, perhaps surprisingly, examples of such underreporting are not unique to less studied populations, as an extensive investigation of expressed antibody repertoires from 12 Caucasians has also recently led to the identification of 14 novel IGHV gene polymorphisms. 6 Alleles described from germline sequences have been compiled from decades of surveys of IGHV allelic diversity, and are found in the IMGT database (the only official reference of the WHO/IUIS nomenclature committee). 10 Additional alleles described from expressed antibody repertoires, such as those described in references above (see Boyd et al. 6 and Wang et al.
17
) have not been confirmed from genomic DNA; thus, these novel alleles remain putative and are not listed in IMGT. Putative alleles from these studies have been compiled in the Immunoglobulin Polymorphism Database. 16 We have included in our discussion and analyses, both 'official' IMGT IGHV alleles 10 and 'putative' alleles listed in the Immunoglobulin Polymorphism Database.
16 Figure 1 shows the number of alleles reported from these two public databases for all functional and ORF IGHV genes.
Genomic analysis based on the existing IGH assembly illustrates that this is one of the most complicated and segmentally duplicated regions of the human genome. 9 For example, 13 repetitive IGHV gene-containing segments, exhibiting high sequence similarity and ranging in size from 4 to 24 Kb, occur multiple times across the locus. 9 One of these segments, B10 Kb in size and containing V genes from the IGHV3 and IGHV4 subgroups, is found in the IGH assembly sequence 11 times. 9 Segmental duplication in the IGH locus is thought to be one of the underlying causes of the occurrence of large insertion/deletion variants in the region. This has been demonstrated for the IGHC cluster, for which six types of multigene deletions (B150 Kb) have been described in healthy individuals. These were the first CNV described in the IGH locus [19] [20] [21] [22] [23] [24] (locations of these polymorphisms are depicted in the IMGT IGH locus representation 10 ). The presence of alternate IGHV haplotypes in the IGHV cluster has been explored extensively using a variety of techniques, including restriction-fragment length polymorphisms, [25] [26] [27] [28] [29] [30] analysis of largeinsert clones, [31] [32] [33] [34] [35] and PCR and microarray-based methods utilizing haploid sperm samples. [36] [37] [38] [39] These approaches have identified a number of CNV polymorphisms, including insertions Figure 1 . The number of known alleles for each of the mapped and unmapped IGHV genes (functional and ORF). Counts of alleles per locus are based on those reported in IMGT, 10, 15 and also include putative alleles reported in the Immunoglobulin Polymorphism Database. 16 ranging in size from 10 to 80 Kb, and in some cases including up to five functional IGHV genes. Some of these alternate haplotypes are common, occurring in 50% or more of individuals screened. [30] [31] [32] [33] [34] [35] More recent analyses of expressed antibody repertoires also allow for the prediction of putative germline CNV involving IGHV genes. 6, 40 Functional and ORF IGHV genes known or suspected to vary in copy number are summarized in Figure 2 and Table 1 . In summary, 27 of the B55 functional and ORF loci are known to vary in copy number ( Figure 2 ; Table 1 ), generating the potential for extreme haplotype variation between individuals. In support of this notion, Kidd et al. 40 assessed data from 32 genes in expressed IGHV gene repertoires of nine individuals, and strikingly indentified 18 unique putative IGHV gene haplotypes, differing with respect to IGHV gene copy number and allelic variation. This study of a subset of IGHV gene loci in nine individuals represents the most comprehensive assessment of full-length IGHV haplotypes to date.
Large germline insertions and deletions have been identified across the length of the IGHV cluster, involving genes from nearly every IGHV subgroup ( Figure 2 ; Table 1 ). Some data suggest that particular regions of the locus may be subject to more frequent rearrangements. 39 For example, an B50-Kb insertion with at least four structural variants, and up to four additional haplotypes of various sizes containing deletions and/or nucleotide (nt) polymorphisms compared with the NCBI reference assembly, is known to occur in the IGHV3-30/IGHV4-31 gene region. 30, 33, [38] [39] [40] [41] Another insertion polymorphism that is known to include the gene, IGHV1-69, has also been identified in the distal part of the locus. 31 At least 12 haplotypes in this region that vary with respect to IGHV1-69 copy number and allelic polymorphism have been identified in Caucasians. 27, 30 Notably, both the IGHV3-30/IGHV4-31 and IGHV1-69 regions have been highlighted in disease association studies (see below). However, neither these nor any other known CNV-containing haplotype in the IGHV cluster has been fully characterized at the nucleotide level, which hinders the development and assessment of accurate mapping tools for these polymorphisms, and illustrates a need for further sequencing efforts in IGHV as an essential step toward finalizing genomic resources in the region.
FROM GERMLINE VARIATION TO FUNCTIONAL VARIATION, AND IMPLICATIONS FOR DISEASE
The majority of known IGHV allelic nt mutations code for aminoacid changes, and in many IGHV genes these non-synonymous sites occur disproportionately in the complementarity determining regions of the IGHV gene, 42 which are considered to be the most important for antigen recognition. [43] [44] [45] However, this pattern is not observed across all IGHV gene loci, suggesting that certain IGHV genes may be under different selective pressures. 42 Such findings imply that IGHV gene germline polymorphisms may have important functional consequences at the protein level. Indeed, functional roles for some alleles are known. For example, the allele IGHV3-23*03 more effectively binds Haemophilus influenzae type b Figure 2 . Genomic organization of 44 functional and ORF IGHV genes, and adjacent D and J genes located at the telomeric end of chromosome 14, as found in the NCBI reference genome sequence. 9 Colored triangles under IGHV genes indicate genes known or suspected to be in regions of insertion (blue) or deletion (red) polymorphisms or both (green). IGHC genes are not shown but are positioned immediately downstream of the IGHJ cluster, and span B300 Kb. A full representation of the locus, including all IGHV, IGHD, IGHJ and IGHC genes and pseudogenes can be found at http://www.imgt.org. Abbreviations: CNV, copy number variation; IGHV, IG heavy chain variable gene cluster; IMGT, the international ImMunoGeneTics information system; ORF, open reading frame. Only functional and ORF genes found in CNV are shown (for all other genes, see IMGT locus representation 10, 15 ; Figure 1 ). Asterisks denote IGHV genes not represented in the human reference assembly. Genes listed in the table without asterisks are found in the reference assembly in single copy. Numbers in parentheses signify predicted haploid copy number range for that IGHV gene. Selected references for each gene are also shown.
(Hib) polysaccharide compared with the most frequently found allele, IGHV3-23*01. 5 Interestingly, the frequency of allele IGHV3-23*03 has also been shown to vary considerably across populations, occurring in 21% of Asians, but only 9% in African Americans and 1.4% in Caucasians. 29 In addition, Sasso et al.
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showed that copy number of IGHV3-23 was higher in both Asians and Caucasians than in African Americans. It is not known whether geographical differences in IGHV3-23 polymorphisms and CNV are a result of selection, but considered in conjunction with observed functional differences these data suggest that such polymorphisms could be important to disease susceptibility. Germline sequence polymorphisms in IG loci have also been shown to influence antibody expression. The most well-known example comes from the IGKV2-29 gene (previously VA2, see correspondence in IMGT Gene table 10 ), an IG light chain V gene found expressed in antibodies against Hib. 46 A single nt mutation in the RS of the IGKV2D-29*02 allele at this locus drastically decreases the expression of the gene, compared with the alternative allele, IGKV2D-29*01 (refs. 47,48) (IGKV2D-29*01 and IGKV2D-29*02 were previously identified as VA2a and VA2b, see correspondence in IMGT Gene table 10 ). Interestingly, this allele only occurs at a high frequency in certain Native American populations, and is associated with Hib susceptibility in these populations. 47, 48 The effects of RS polymorphisms on IGHV gene usage have not been explicitly tested. In fact, the RS of most V genes has been sequenced only once; 9 thus, information on allelic diversity in IGHV gene RS motifs is limited. In addition, the upstream regulatory sequences for most of the IGHV genes that are not represented in the assembly genome (Table 1) have never been sequenced. 2 As a result, we have no data directly linking specific IGHV gene regulatory polymorphisms to expressed repertoires. However, observed allelic biases in naive repertoires from heterozygous individuals at single copy IGHV genes imply that polymorphisms in IGHV gene regulatory sequences could influence the expression of particular alleles, 6 but this idea remains untested.
The impact of structural variants on expressed repertoires is also largely unexplored. We know of only one study that has directly tested for effects of CNV in the IGHV cluster on expressed repertoires. This study showed that copy number of IGHV1-69, which ranges from 2 to 4 copies per individual, strongly correlates with its prevalence in expressed antibody repertoires. 49, 50 IGHV gene deletions, in contrast to instances of IGHV gene duplication, by definition lead to the absence of these genes in expressed repertoires. There are several examples of homozygous deletions containing functional IGHV genes (Table 1) . 28, 33, 38, 39, 51, 52 In addition, an analysis of naive B-cell IGHV gene repertoires using next-generation 454 sequencing revealed that 15 of the 56 IGHV genes described from these repertoires were observed in only a subset of the 12 individuals screened. 6 Seven of these fifteen genes were previously reported to occur in insertion/deletion polymorphisms, and thus these observed 'holes' in the naive repertoire are likely due to homozygous deletions. It is also interesting to note that the proportions of many genes in the expressed repertoires differed considerably between individuals. 6 For example, the proportion of the gene IGHV4-39 in expressed repertoires ranged from 2-8%. Given that IGHV4-39 is known to be part of a deletion haplotype that occurs at a frequency of 17-25% in Caucasians, 38, 51, 52 it is possible that interindividual variation in IGHV4-39 expression is related to differences in copy number at this locus. Boyd et al. 6 also showed skewed usage ratios in individual repertoires for multiple alleles expressed from the same locus; in some cases certain alleles were expressed twofold to threefold higher than other alleles in the same individual. Interestingly, two of these cases of allelic bias were reported for loci known to be part of duplicated haplotypes (for example, IGHV1-69), suggesting that in addition to polymorphisms in regulatory regions, as discussed above, CNV may also underlie some of these observed differences. However, it is important to note that the use of next-generation sequencing (NGS) in the analysis of expressed repertoires may introduce certain artifactual biases; and thus, the interpretation of these data should be treated with some caution.
A recent study of expressed antibodies in two monozygotic twin pairs revealed for the first time that variation in IGHV gene usage in naive repertoires has a strong genetic component, as frequencies of usage differed between unrelated individuals, but not between genetically identical twins; 7 similar to examples noted above, four out of six of the significant differences between unrelated individuals were at IGHV gene loci known to vary in copy number. IGHV gene usage frequencies were also correlated in antigen-experienced repertoires between monozygotic twin pairs, and despite minor differences for particular IGHV genes, gene usage in antigen-experienced repertoires reflected observed usage in the naive repertoires for many IGHV genes. 7 As discussed by Glanville et al., 7 this finding is critically important to our understanding of the role of expressed repertoires in disease, as there are many instances in which biased gene usage in antibody repertoires has been associated with particular infectious or autoimmune diseases. It is also interesting to note that a recent investigation of expressed repertoires in fetal cord blood samples from two infants suggests that IGHV gene usage biases differ between cord blood repertoires and adult repertoires. 53 Observations of disease-related IGHV gene usage biases, considered in conjunction with the fact that expressed naive repertoires are heritable, illuminate the potential of germline variants to contribute to differences in expressed naive repertoires that set the stage for differences between unrelated individuals in their susceptibility to infection or autoimmune disease, or in their ability to appropriately respond to vaccines.
While there are several compelling examples of such biases for IGHV genes (for review of V gene usage biases in autoimmune disease, see Foreman et al. 54 ), we discuss one of these to illustrate the potential importance of these effects. Three surveys of anti-HIV antibodies (Abs) have shown biased usage of IGHV1-69, 55-57 and 9 of 12 Abs against the CD4-induced binding site of the HIV-1 epitope, gp120 (CD4i Abs), used this gene. 58 In addition, several studies have shown that IGHV1-69 is preferentially used in neutralizing antibodies against hemagglutinin epitopes of particular influenza strains from data in three human populations. [59] [60] [61] The ubiquity of these findings has led some to hypothesize that IGHV1-69 may have evolved to respond early in the immune response against infections, 62 although other data show that IGHV1-69 may also be important in chronic infection. 57 One unique feature of IGHV1-69 is that it is the only IGHV gene encoding a phenylalanine (Phe, F) at amino-acid position 62 in the CDR2-IMGT (see IMGT/DomainDisplay), 10 a site known to be critical to hemagglutinin binding. 61 Also important to note, however, is that although IGHV1-69 is the sole IGHV gene to encode a phenylalanine at this position, this site is polymorphic, and only a subset of the 14 described IGHV1-69 alleles code for this amino acid. Furthermore, as noted above, IGHV1-69 is part of a multi-allelic copy number polymorphic region; individuals can have 0-4 alleles with F62 in their CDR2-IMGT, and copy number correlates with expression levels. 49 Interestingly, variation between individuals in the levels of broadly neutralizing antibodies against hemagglutinin of H5N1 strains from serum of prevaccinees was recently observed, suggesting a role for inter-individual IGHV gene germline polymorphisms. 63 Briefly expanding beyond this specific gene, antibodies using IGHV genes other than IGHV1-69 have also recently been identified from individuals infected with the 2009 H1N1 influenza virus (IGHV4-31, IGHV4-30-4, IGHV4-39, IGHV3-21, IGHV3-30 ). 64 Importantly, four of these five germline IGHV genes contributing to these antibodies are known to vary in copy number. 33, 38, 40, 41, 51, 52 Taken together, such observations provide a potential example for which complete descriptions of IGHV gene allelic and genomic structural variation may prove essential for understanding infectious disease susceptibility, and useful in the administration of vaccines aimed at eliciting specific antibodies.
IGHV GERMLINE POLYMORPHISMS AND SUSCEPTIBILITY TO DISEASE Antibodies were recognized decades ago to be essential components of adaptive immune responses, and, like the human leukocyte antigen and T-cell receptor loci, were early candidate regions for disease susceptibility. Indeed the 1990s and early 2000s saw scores of candidate gene-association studies testing for connections between germline polymorphsisms in the IG loci and a variety of diseases with mixed results (selected positive candidate gene associations are listed in Table 2 ). Both IGHV gene allelic and genomic structural polymorphisms were targeted, although the majority of studies focused primarily on single genes.
One of the few examples explicitly relating IGHV CNV and disease susceptibility is that of Cho et al. 65 This study used an IGHV gene-specific PCR-ELISA assay (see Cho et al. 41 ) to examine 108 Korean systemic lupus erythematosus patients and 102 controls for the presence of a homozygous deletion in the region surrounding the genes IGHV3-30 and IGHV4-31, which is known to harbor multiple CNV and structurally variant haplotypes (discussed above). Their results indicated that the frequency of homozygous deletions of two genes in this region, IGHV3-30*01 (previously hv3005, see correspondence in IMGT Gene table 10 ) and IGHV3-30-3, was 2.8-fold higher in systemic lupus erythematosus patients with nephritis (one of the most serious complications of systemic lupus erythematosus) than in patients without, and higher titers of anti-DNA antibodies were also observed in patients carrying homozygous deletions. Interestingly, this deletion has also been associated with rheumatoid arthritis, 66 and chronic idiopathic thrombocytopenic purpura, 67 observed at higher frequencies in both patient groups as compared with controls. Such an overlap between multiple diseases and the same polymorphism might not be that surprising, as similar trends are becoming widely apparent for other loci, particularly those affecting immune system-related diseases. 68 However, these three independent associations have not been replicated, and the exact role of this polymorphism in the pathogenesis of these diseases remains unexplored.
Another study showing a relationship between IGH polymorphisms and autoimmune disease examined five nt polymorphisms in the coding region of IGHV1-69 in 109 Czech patients with rheumatoid arthritis and 79 controls matched for ethnicity. 69 Using gene-specific PCR amplification and restriction fragment profiling, they revealed a significant association with a homozygous genotype at one of these positions, which was observed at a higher frequency in patients (28.4%) compared with controls (15.2%; P-valueo0.001). After partitioning patient and control cohorts for the presence of human leukocyte antigen haplotypes associated with rheumatoid arthritis, they were also able to show an additional contribution to susceptibility due to polymorphisms at the IGHV1-69 gene, though these findings were not replicated in a British rheumatoid arthritis cohort. 69 While early candidate gene studies in IGHV seemed to uncover many interesting leads, reports of disease associations in this locus have waned in the age of the GWAS. In fact, only a single GWAS has reported significant findings in IGH. A recent study in a Taiwanese Kawasaki disease cohort identified a cluster of six SNPs in the distal region of the IGH locus surrounding IGHV1-69 and IGHV2-70 that correlate with disease susceptibility, representing the first disease connection to the IGHV cluster reported in the past 8 years. 70 Perhaps not surprisingly, given the moderate sample size (458 cases/812 controls), none of the identified SNPs in the study reached the generally accepted genome-wide significance level of 5 Â 10 À 8 (highest P-valueE6 Â 10
); however, SNPs in IgH represented the strongest association with Kawasaki disease in this cohort. 70 
ASSESSMENT OF LINKAGE DISEQUILIBRIUM IN THE IGHV GENE CLUSTER AND IMPLICATIONS FOR DISEASE GENETICS
The discrepancies between early candidate gene studies and recent GWAS are difficult to interpret, but could simply represent false-positive findings, a possible result of the use of small sample sizes in early association studies. Indeed, it is important to note that discrepancies also exist among candidate gene studies conducted before the widespread application of GWAS. For example, several association and linkage studies using IGH markers have been conducted in multiple sclerosis, two of which are referenced in Table 2 . Whereas the use of a single IGHV2 subgroup-specific probe and restriction-fragment length polymorphism analysis yielded significant associations in two studies, 71, 72 the use of microsatellite markers in the IGH cluster has not produced consistent findings, [73] [74] [75] suggesting that both the use of small patient cohorts and unrepresentative panels of genetic markers are important factors to consider when interpreting conflicting results. The source of DNA used should also be considered as somatic mutations are known to occur in DNA isolated from B cells, as well as EBV-transformed B cell lines.
We propose that additional explanations based on our lack of information on IGH may also be important. For example, the transition from candidate gene studies to GWAS, at least in IGH, has resulted in a change from the use of locus-specific markers aimed at capturing specific polymorphisms, to the use of SNPs focused on capturing variants based on the presence of linkage disequilibrium. There are two major issues regarding this. First, estimates of linkage disequilibrium in IGH are thought to be low across the region, 76 a point that has more recently been bolstered by the inference of 18 unique locus-wide IGHV gene haplotypes from expressed IGHV gene repertoires in nine individuals. 41 Therefore, marker coverage would likely need to be dense to capture the majority of known variants. Second, the fact that all known CNV-containing haplotypes in the IGHV cluster are not yet sequenced raises additional concerns with disease-association studies that do not target specific polymorphisms. Thus, we argue below that a poor understanding and underrepresentation of IGHV polymorphisms may currently present significant barriers to the use of standard genomic mapping tools for examining this locus for association with human disease.
The basic assumption of GWAS is that at least one marker will be in linkage disequilibrium with common germline variants that convey susceptibility to or protection against disease. 77 Recent data releases from the 1KG project 8 for the first time allow such questions to be tested for well-described IGHV gene polymorphisms. We downloaded SNP calls within the IGHV cluster from the 1KG Phase I data (May 2011 release; http://www.1000genomes.org; this release was based on the GRCh37 assembly). The full release of this data set was collected from 1094 individuals, but we used genotypes of only 912 individuals from three broad ethnic groups (African, East Asian and European). There are over 700 nt polymorphisms in the coding regions of IGHV genes represented in these 1KG samples; however, the majority of these represent novel putative polymorphisms and await validation. We therefore accepted 1KG SNPs as 'genuine' only if they agreed with known polymorphisms in coding regions of functional and ORF IGHV gene loci (SNPs within the leader sequence encoded by 'L-PART1 and L-PART2' were not included); coding region polymorphisms such as those presented in Figure 2 are based on decades of surveys of human sequence variation in these genes (see 'IMGT Gene table: Human (Homo sapiens) IGHV' and 'IMGT Alignment of alleles'). 10, 15 We also included 'putative' polymorphisms described from expressed antibodies reported in the Immunoglobulin Polymorphism Database. 16 This allowed us to generate a conservative data set of IGHV gene polymorphisms across a range of samples from various populations, with the caveat that IGHV genes not found in the GRCh37 assembly sequence were excluded. We only considered SNPs with a minor allele frequency of X0.05, as MAFs greater than this are generally considered to represent common polymorphisms, and are the primary targets of commercial SNP arrays. In addition, SNPs not in Hardy-Weinberg equilibrium were also excluded. After applying these criteria, our data set consisted of 72, 48 and 70 IGHV gene SNPs in three sampled populations: East Asian (ASN, n ¼ 286), European (EUR, n ¼ 380) and African (AFR, n ¼ 246), respectively. It is important to note that not all previously reported polymorphisms were found in the 1KG data sets; thus, our compiled datasets represent only a fraction of known IGHV gene polymorphisms. For example, for the IGHV genes included in the reference assembly, there are 244 described alleles (Figure 2) . We also downloaded genotypes in each population for SNP markers found on two commercial SNP arrays, the Affymetrix 6.0 (n ¼ 74 SNPs), and the Illumina Omni1-Quad (n ¼ 244 SNPs). Forty-three SNPs from the Illumina array were not found in any of the three populations, and were removed from the analyses below, as were any probes designed for CNV detection that are not represented in 1KG data sets. Using Haploview and Tagger, 78, 79 we tested the ability of SNPs from these two commercially available arrays to tag our conservative list of IGHV gene region allelic nt polymorphisms (Figure 3) . The term, tag, is used to refer to the ability of alleles genotyped at one SNP to effectively represent alleles (dependent on linkage disequilibrium) genotyped at a second SNP of interest; in the case of gene-association studies, such as GWAS, for which only a portion of all SNPs in the genome are typed, it is important to know what proportion of ungenotyped polymorphisms are represented by genotyped SNPs. For our data set, strikingly, at r 2 X0.8, SNPs from the Affymetrix 6.0 array tagged only 40, 29 and 5% of the IGHV gene polymorphisms in the Asian, European and African populations, respectively. The percentage of IGHV gene SNPs tagged by Illumina Omni1-Quad SNPs was higher in all three populations, but even so, at r 2 X0.8, were only 58, 47 and 22% for the Asian, European and African samples, respectively. The better performance of the Illumina array is likely a reflection of increased SNP density throughout the IGHV cluster compared with the Affymetrix array. The distributions of SNPs for each array are indicated in Figure 4 alongside the distribution of IGHV gene region allelic 1KG SNPs from each of the three populations. For example, based on data from the European population data set, in the most proximal 600 Kb of the IGHV gene region, the Affymetrix 6.0 array includes only 10 SNPs, and at an r 2 X0.8 these tag only 6% of the 31 IGHV gene SNPs that reside in this region. This finding indicates that IGHV gene polymorphisms have likely been underrepresented in studies using these or comparable SNPbased arrays for investigations of disease association. Observed differences in the taggability of SNP panels among populations also illustrate that investigations of IGHV disease associations in cohorts from different ethnic backgrounds might be expected to yield different results.
In addition to IGHV gene SNPs, it is also important to know whether CNV in IGHV are sufficiently tagged. At the genome-wide level, this question has received a great deal of attention in recent years, as CNV and other structural variants across the genome are predicted to account for a portion of the 'missing heritability' of complex diseases. 80, 81 Yet, there is still much debate surrounding the question of whether all CNV in the human genome are tagged by commonly used SNPs. For example, two recent studies report that 77-79% of common CNV are tagged by at least a single SNP marker (r 2 X0.8), concluding that most CNV in the genome have been scrutinized, albeit indirectly, by previous GWAS utilizing SNPbased approaches. 82, 83 With respect to IGH, both of the abovementioned studies excluded IG loci in their analyses because of somatic rearrangement events that occur in the sample materials used (for example, DNA from Epstein Barr Virus-transformed B cells). This point aside, however, these studies placed little emphasis on multi-allelic CNV, which are known to be more difficult regions to tag by current SNP panels. 84 These studies also neglected the fact that many CNV remain to be described throughout the genome. This point has more recently been illustrated in a genome-wide assessment targeting novel CNV polymorphisms, 54% of which were not genotyped in the studies mentioned above. 85 Perhaps the most notable finding of this study was that although HapMap SNPs tagged 68% of bi-allelic CNV (r 2 40.8), only 40% of the CNV genotyped in regions of segmental duplication were tagged. 85 Given that we know little about haplotype variation at the nucleotide level in the IGHV cluster, by definition it is difficult to ascertain how well current SNP panels represent these polymorphisms, and this question remains unanswerable until full sequences of additional CNV-containing haplotypes are available. It is interesting to note, however, that several CNV are predicted to occur within the 600-Kb region of the IGHV cluster (see Figure 2 ) discussed above where we observed the poorest performance of the two arrays tested (Figure 4) , suggesting that many IGHV CNV may not be fully tagged by current high-throughput SNP array-based approaches. Thus, it is possible that, much like IGHV gene SNPs, IGHV CNV may have also been underrepresented in many previous GWAS.
ADDITIONAL PITFALLS AND FUTURE PROSPECTS IN IGHV GENETICS
The results of our analyses above raise important issues concerning the current state and future of IGHV genetics. In some respects, it could be presumed that the inclusion of additional SNPs on newly designed arrays will eventually result in effective assays able to capture/tag the majority of variants in IGH. This, however, does not negate the need to complete descriptions of genomic polymorphisms in the IGH locus, particularly the characterization of additional insertion/deletion polymorphisms in this region-especially given that by definition it is not possible to design assays specific to polymorphisms residing in unsequenced haplotypes. As with other complex loci in the human genome, describing these gene regions remains a difficult task. The repetitive nature of the IGHV cluster, as illustrated by examples discussed in above sections, makes sequence assembly from resequencing projects difficult; especially those based on diploid materials, as sequence identities between duplicate blocks approach levels of similarity analogous to those observed between alleles of the same locus. Such resequencing and assembly efforts tend to result in incomplete reconstructions of the IGHV cluster (for example, HuRef 86,87 ; Figure 5 ), and thus limit the utility of these approaches for characterization of complete alternative haplotypes and genomes de novo. 88 Again, this problem is not unique to the IGHV cluster as there are many other complex loci in the genome where this is also true. Extensive efforts have been undertaken in recent years to better characterize genomic structural variants in such loci. [89] [90] [91] Many of these have been discovered and sequenced by fosmid-end mapping and the generation of complete sequence from 'discordant' clones, relative to the reference genome assembly.
For example, a recent fosmid-based resequencing effort described 1.67 Mb of novel sequence from 222 clones, mapping to 192 distinct loci across the genome. 91 A portion of these described haplotypes were also shown to represent 'common' alleles, highlighting the fact that the current human reference assembly represents the minor allele for many loci across the genome; a point that is particularly important if the assembly sequence represents an allelic deletion. 91 With respect to IGHV, it is interesting to point out that many of the identified alternate haplotypes known in the cluster also represent variants that are at higher frequencies than those found in the reference genome. 30, 35 The recent development of whole-genome NGS and assembly has expanded our ability to identify and genotype SNPs and structural variants (insertions, deletions and inversions). 8, 92 This approach is however restricted by the quality of the reference genome, and it has been shown that even depths of coverage of 30 Â do not guarantee representation of all genomic structural polymorphisms. Again, not surprisingly, performance is reduced in complex and repetitive regions. 88 Given the current missing data for the IGHV cluster, it is difficult to examine the efficacy of NGS methods for CNV discovery and genotyping for this region. One recent example based on data collected by the 1KG Project (30 Â genome coverage from two trios and 2-4 Â coverage from 179 additional samples) identified B28 000 insertion/deletion polymorphisms genome-wide relative to the NCBI reference genome. 92 However, even this highly sophisticated and comprehensive study, utilizing multiple mapping, variant discovery and genotyping approaches, by design is unable to identify and characterize large insertions such as those found in the IGHV gene cluster. This, of course, does not invalidate the use of NGS for studying CNV in the IGHV cluster, but rather points out that a complete description and integration of alternative haplotypes will likely be required to use these data. Indeed, targeted genotyping using NGS approaches based on data from completely sequenced alternate haplotypes has been shown to be an effective method for assaying polymorphisms in other regions of the genome. 91 The use of targeted fosmid-based sequencing in the IGHV gene region for describing alternate CNV-containing haplotypes would likely prove effective, as such methods allow for directed sequence assembly of single 40 Kb haploid segments, reducing discrepancies that arise when attempting to discern allelic SNPs from sequence differences between duplicated sequence blocks. An additional advantage is that existing fosmid-based resources 90, 91 have been generated from DNA samples collected across a diverse range of Figure 5 . Incomplete reconstruction of a human IGHV gene region. This image depicts an assembly from the HuRef Genome Browser (http:// huref.jcvi.org/) in the region surrounding the IGHV3-30 and IGHV4-31 genes characterized by several insertion/duplication polymorphisms. The region shown spans B105.86-105.90 Mb (Hg18) of chromosome 14. The teal bar at the top of the image represents the NCBI reference assembly. 9 The orange bar below represents the HuRef assembly. The 11 contigs indicated by black brackets are short unassembled contigs (labeled with names and strand orientation), and may correspond to one of the large alternate insertion haplotypes known to occur in the region; however, these do not form a single contiguous haplotype. Shaded bars linking contigs to the NCBI reference assembly indicate regions of shared sequence. Annotated IGHV genes are indicated in the lower segment of the figure. ethnic backgrounds, thus facilitating descriptions of populationspecific haplotypes. Likewise, the strength of the 1KG project data is the breadth of sampling across a range of human populations. Thus, as more complete descriptions of CNV become available in the IGHV cluster, the 1KG data have the potential to offer exciting prospects for understanding important, and possibly disease relevant, differences in haplotype structure between ethnicities.
SUMMARY
Despite the important role of antibodies in adaptive immunity, genomic variation in the IGHV cluster remains poorly described, particularly for large genomic structural polymorphisms. Recent findings in human disease genetics highlight the fact that much of the underlying heritability of many disease phenotypes is yet to be identified, and stresses the need for additional sequencing in complicated regions of the genome as one step toward a better understanding of the underlying causes of disease susceptibility. 80, 81 The paucity of data in the IGHV cluster discussed in this review indicates that this locus is among those that deserve further attention, as nearly half of the IGHV genes are known to vary in copy number, and many examples of complex haplotypes alternative to the human genome reference are known to occur in the IGHV cluster; however, all of these remain unsequenced. The advent of recent genomic tools and methods, such as fosmid clone sequencing, will prove useful for building more complete genomic resources in IGH. Such descriptions will allow for more complete characterization of duplicated and deleted IGHV gene haplotypes, which likely make important contributions to an individual's expressed B-cell repertoire. 6, 7 The pairing of genomic data to expressed repertoire deep sequencing will also be important for understanding direct connections between germline variation in the IGHV cluster and expressed repertoire variability between individuals. Currently, it is not fully known how well genetic variation in the IGHV gene cluster is represented by highthroughput genomic methods; however, analyses conducted in this review suggest that a portion of known variants have likely not been captured by GWAS. Ultimately, sequencing of alternate haplotypes in the IGHV cluster will allow for the development of more effective tools for assaying variation in this locus and testing for association with human disease.
